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Thiolated polymers designated “thiomers” are obtained by covalent attachment of thiol functionalities on the
polymeric backbone of polymers. In 1998 these polymerswere first described asmucoadhesive and in situ gelling
compounds forming disulfide bonds with cysteine-rich substructures of mucus glycoproteins and crosslinking
through inter- and intrachain disulfide bond formation. In the following, it was shown that thiomers are able
to form disulfides with keratins and membrane-associated proteins exhibiting also cysteine-rich substructures.
Furthermore, permeation enhancing, enzyme inhibiting and efflux pump inhibiting properties were demon-
strated. Because of these capabilities thiomers are promising tools for drug delivery guaranteeing a strongly
prolonged residence time as well as sustained release on mucosal membranes. Apart from that, thiomers are
used as drugs per se. In particular, for treatment of dry eye syndrome various thiolated polymers are in develop-
ment and a first product has already reached the market. Within this review an overview about the thiomer-
technology and its potential for different applications is provided discussing especially the outcome of studies
in non-rodent animal models and that of numerous clinical trials. Moreover, an overview on product develop-
ments is given.
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1. Introduction

Since their introduction in the life science arena in the late 1990s
[1,2], thiolated polymers have attracted and inspired researchers
from different disciplines by their versatile features resulting in
some thousands of publications, numerous clinical trials and various
marketed products. On the occasion of their 20th anniversary achieve-
ments so far are summarized and an outlook on future developments
is taken.

Due to the covalent attachment of thiolmoieties on polymers (Fig. 1)
various properties are strongly improved [3]. Polymers without thiols
are simply like proteins without cysteine. Soon after the first publica-
tions about thiolated polymers the term thiomers came additionally
into use [4]. Their capability to form disulfide bonds – the likely most
versatile bridging structure in nature – with endogenous proteins such
as mucus glycoproteins, keratins or membrane-associated proteins as
well as within their own polymer chains through a crosslinking process
render them unique among advanced materials.

First thiomers were generated with the intention to improve
the mucoadhesiveness of polymeric excipients for drug delivery.
Well-established mucolytic drugs bearing a thiol group such as N-
acetyl-cysteine break disulfide bonds within cysteine-rich substruc-
tures of mucus glycoproteins through thiol/disulfide exchange reac-
tions. The mucolytic agent is thereby covalently attached to the
mucus glycoprotein via a newly formed disulfide bond. Based on
this observation it was assumed that not just small molecules but
even polymers will be covalently attached to mucus glycoproteins fol-
lowing the same mechanism. Accordingly, cysteine was bound to
polyacrylic acid via the same amide linkage as exhibited by N-
acetylcysteine. Although this first synthesized thiomer showed just
two to three fold improved mucoadhesive properties, a proof-of-con-
cept was provided. In the same study the ability of thiomers to
crosslink via the formation of inter- and intrachain disulfide bonds
and to build up cohesive and robust three-dimensional networks
due to a pH-dependent oxidation process was shown [2]. In a follow
up study the technology was demonstrated to work also for other
backbones such as polysaccharides [4]. Further properties of thiomers
like permeation enhancing, enzyme inhibiting and efflux pump
inhibiting properties were shown thereafter. In the 2010s especially
the crosslinking of thiomers with dienes via thiol-ene reactions broad-
ened their applicability [5,6]. Although having been developed for
drug delivery systems, soon thiomers were investigated for other pur-
poses like as drugs per se, as wound dressings, as scaffolds for tissue
engineering and as injectable tissue-regenerative hydrogels. More re-
cently, thiomers turned out to show also outside the life science
arena great potential and meanwhile they are evaluated for various
cosmetic and textile applications. Within this review an overview
about the thiomer-technology and its versatile applications is
provided.
2. Synthesis of thiolated polymers and chemistry behind

2.1. Rational design of thiolated polymers

Generally, the polymer backbone and the quantity as well as type of
sulfhydryl groups have a substantial impact on the performance of
thiomers.

In particular chain length, chain flexibility and charged substruc-
tures of the polymer backbone influence the ability to form disulfide
bonds. The longer the chain length and the less flexible the polymer
backbone is, the less reactive are thiomers [7]. As molecular move-
ments of high molecular mass thiomers of low chain flexibility are
comparatively slower, thiols need simply more time to get close to
the target thiol or target disulfide to react. In addition, for such
thiomers steric hindrances become more effective. If polymer chains
repulse each other because of the same charge, the likelihood for
thiols to get close to each other and to crosslink is also lowered
[8,9]. Furthermore, polymer backbones can be either biodegradable
such as polysaccharides and proteins or non-biodegradable such as
poly(meth)acrylates or silicones. Biodegradable thiomers are from
the toxicological point of view preferred over non-biodegradable
thiomers. For the registration as drug, pharmaceutical excipient or
medical device in case of biodegradable thiomers, however, toxicolog-
ical studies of not just the thiomer itself but also of different degrada-
tion products have to be shown.

The reactivity of thiomers depends also on the degree of thiolation
[10] and the type of sulfhydryl ligand [11]. As actually not the thiol
but the thiolate anion is the reactive form, the pKa value of sulfhydryl li-
gands has a substantial impact on reactivity of thiomers. The lower the
pKa value of thiol groups is, the higher is the concentration of thiolate
anions at physiological pH. The rate of thiol/disulfide exchange reac-
tions is inversely dependent on the pKa of the attacking sulfhydryl li-
gand, as the thiolate anion is a better nucleophile than the thiol [12].
Due to the linear-free energy relationship, however, nucleophilicity of
the thiolate anion increases with its pKa causing an opposite effect on
the overall reaction rate. In Fig. 2 the impact of both effects on the rate
constant (K) is illustrated for the reaction of thiols of indicated pKa
with oxidized glutathione. It demonstrates that decreasing the pKa of
the attacking thiol results in an overall rate enhancement just until
the thiolate anion becomes the dominant species (pKa b 7). Beyond
this, the drop in nucleophilicity of the sulfur center determines the
rate resulting in slower kinetics [13].

In Table 1 an overview about the pKa of different sulfhydryl ligands
is provided. Thioamides that can convert to thiols such as 2-
mercaptopyridine or 2-mercaptonicotinic acid are because of this tau-
tomerism generally more reactive than simple alkyl thiols [11,14]. Using
the Henderson-Hasselbalch equation the thiolate anion concentration at
a certain pH can be readily calculated. As a physiological pH of 7.2 is likely
of highest relevance, the ratio of thiolate anions to thiols of sulfhydryl



Fig. 1. Illustration of the transformation of a polymer to a thiomer and its adhesion to endogenous proteins via disulfide bond formations.

193C. Leichner et al. / Advanced Drug Delivery Reviews 151–152 (2019) 191–221
ligands is shown at this pH. The covalent attachment of sulfhydryl ligands
as listed in Table 1, however, results in changes of their chemical structure
due to conjugation and subsequently to altered pKa values. Furthermore,
negatively charged neighboring groups on the thiomer such as carboxylic
acid groups in case of polyacrylates tend to raise the pKa by destabilizing
thiolate anions. In contrast, cationic neighboring groups such as amines in
caseof polyallylamine tend to lower thepKaby stabilizing thiolate anions.
Hydrogen-bond donors of the local environment of the thiomer can also
contribute to the stabilization of thiolate anions lowering the pKa. Via
spectrophotometric titrations or via isothermal titration calorimetry the
pKa of thiolated polymers can be accurately determined [15].

Apart from the sulfhydryl ligand itself also the neighboring groups to
the thiol group or disulfide bonds have a tremendous impact on disul-
fide bond formation or thiol/disulfide exchange reactions. Anionic
neighboring groups accelerate disulfide bond formation with thiols
being flanked by cationic substructures and vice versa. On contrary, as
illustrated in Fig. 3 thiol groups or disulfide bonds being neighbored
by the same charged groups are hindered to form disulfide bonds or
to participate in thiol/disulfide exchange reactions by electrostatic re-
pulsion. The impact of the electrostatic environment on thiol/disulfide
exchange reactions was for instance evaluated for cysteine being
flanked by two neutral, by a neutral and a positive and two positive
groups showing a rate constant for the reaction with the disulfide of
the negatively charged Ellman’s reagent of 367, 3,350 and 132,000 s-1
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Fig. 2. Calculated rate constant (K) for thiol/disulfide exchange reactions as a function of
thiol pKa at pH 7 based on the Brønsted relationship; adopted from Nagy [13].
M-1, respectively [16]. Based on these considerations the charge of
groups neighboring thiols on target proteins are of course of high rele-
vance. In case of mucus glycoproteins and keratins, for instance, a
minor prevalence for negative charges can be found. Apart from the
pKa value and the electrostatic environment various further parameters
such as the redox potential of thiol groups have an effect on the reactiv-
ity of thiomers [17].

According to this, reactivity of thiols on each polymer can be accu-
rately adjusted. Generally high thiol reactivity does not necessarily go
hand in hand with a high performance of the thiomer. In case of
mucoadhesive properties a medium to low thiol reactivity seems even
advantageous as the thiomer can to a high extent interpenetrate the
mucus gel layer. Because of this more extensive interpenetration a
much greater interface for disulfide bond formations between the
thiomer and the mucus is generated. Because the mucus gel layer ex-
hibits on most mucosal tissues such as the gastrointestinal, buccal and
vaginalmucosa a pH gradient from7 at the epithelium to b6 at the lumi-
nal surface [18], thiomers become more reactive the deeper they pene-
trate into the mucus gel layer. This effect contributes to high
mucoadhesive properties and is certainly also advantageous when
thiomers are supposed to interactwith cellmembrane-associated cyste-
ine substructures. In contrast, highly reactive thiomers get already by
the formation of disulfide bonds with mucins on the surface of the
mucus layer immobilized strongly hindering the interpenetration pro-
cess. Thiomers that are just anchored on the surface of the mucus
layer and not in deeper mucus regions are furthermore much faster
eliminated by themucus turnover process [19]. For thiomers interacting
with cell membrane-associated cysteine substructures high thiol reac-
tivity is also disadvantageous as thiols are already inactivated on the
way to the target cell by the formation of disulfides with other endoge-
nous thiol substructures such as mucins or keratins. Even regarding the
in-situ gelling features of thiolated polymers a too high reactivity of
thiols is in most cases not beneficial, as a too rapid gelation of the poly-
mer limits a proper distribution over the target tissue. On contrary,
when the reactivity of thiols is too low they will not even at the right
time and at the right place show sufficient potential as simply not
enough new disulfide bonds are formed. The choice of themost suitable
thiol reactivity is consequently always a compromise and depends on
results of various key experiments such as mucoadhesion studies or
permeation studies on freshly excised mucosa. The likely best compro-
mise servingmost purposes is a pKa around 8 as anyway also preferred
by nature in form of cysteine.



Table 1
Reactivity of thiol ligands for thiol/disulfide exchange reactions and oxidation; pKa values of thiol groups were calculated using ADMET Predictor™ version 9.0.0.10.

Ligand Structure pKa Ratio of thiolate anions
to thiols at pH 7.2

5-Thio-2-nitrobenzoic acid

O

OH

NO2

HS

4.3 1 : 0.0013

4-Mercaptobenzoic acid

OH

HS

5.8 1 : 0.04

Thiosalicylic acid O

OH

SH

6.0 1 : 0.06

5-Amino-2-mercaptobenzoic acid O

OH

SH

H2N

6.4 1 : 0.16

4-Mercaptophenylacetic acid
O

OH

HS 6.6 1 : 0.25

4-Aminothiophenol SH

H2N

7.1 1 : 0.8

Cysteine*

NH2

HS

O

OH

8.0 1 : 6.3

Penicillamine

NH2

HS
O

OH

8.2 1 : 10

Cystamine H2N
SH

8.4 1 : 15.9

Glutathione

O

H
N

OH

O
SH

N
H

NH2

HO

O O
8.8 1 : 39.8

Thiobutylamidine NH

NH2
HS

9.2 1 : 100

Cysteine ethylester

NH2

HS

O

O

9.5 1 : 200

N-Acetylcysteine 9.7 1 : 316

Thioglycolic acid

HS
O

OH

10.0 1 : 631

3-Mercaptopropionic acid O

OHHS

10.2 1 : 1000

Homocysteine

NH2

HS
O

OH

10.5 1 : 1995

* Cysteine is the thiol structure used by nature and is bolded as kind of 'gold standard'.
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Most thiolated polymers are susceptible to oxidation in aqueous
media showing a pH that is not at least two levels below the
thiol’s pKa. Studies regarding pH-dependent disulfide formation of
polyacrylate-cysteamine conjugates showed that the formation of disul-
fide bonds in acid media is widely quenched whereas increased disul-
fide bond formation occurred at a physiological pH of 7.4 [8]. Other
thiolated polymers such as thiolated chitosans show similar sensitivity
to a pH-dependent oxidation [20]. Due to the addition of antioxidants
such as dithiothreitol, glutathione or cysteine this unintended oxidation
of thiomers can be avoided. As these auxiliary agents, however, disturb
disulfide bond formations between the thiolated polymer and proteins,
the efficacy of thiomers is at least to some extent lowered [21,22]. Alter-
natively thiol groups can optionally be protected by the attachment of
2-mercaptopyridine and analogues. In particular mercaptonicotinic
acid and mercaptonicotinamide are preferred over mercaptopyridine
for safety reasons [23,24]. This S-protection does not just provide



Fig. 3. Impact of neighboring groups on the reactivity of thiomers.
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stability towards oxidation but increases also the reactivity of thiol
groups. Because of the electron withdrawing effect of the π-system of
the pyridine, themercaptopyridine group is easily cleaved off liberating
free thiol moieties with their complete initial activity. Menzel
et al. established a version of a preactivated thiomer exhibiting a
comparatively higher reactivity of the disulfide by the attachment of
2-mercaptonicotinic acid in its dimeric form to chitosan [11]. The addi-
tional nitrogen atom in conjugation over the aromatic rings evoked a
3.8-fold increase in reactiveness as ascertained in kinetic studies of di-
sulfide exchange reaction in comparison to a conventional synthesized
100 % S-protected thiomer illustrated in Fig. 4. Besides, a 5.7-fold stron-
ger rheological synergismwith mucus than for the non-thiolated chito-
san was verified. Free unprotected thiol groups react with disulfide
Fig. 4. Reactivity of two different S-protected thiomers. Because of the electron
withdrawing effect of the pyridine substructure of mercaptonicotinic acid (MNA) those
disulfide bonds being neighbored by two pyridine substructures show higher reactivity
for thiol/disulfide exchange reactions with reduced glutathione at pH 6.8 than those
being neighbored by just one; adopted from Menzel et al. [11].
bonds of proteins, whereas S-protected thiol groups are reacting with
free thiol groups of proteins.

As most target proteins such as mucus glycoproteins, keratins or
membrane-associated proteins exhibit both disulfide and free thiol sub-
structures, free as well as S-protected thiolated polymers are able to
form disulfide bonds with these proteins [25]. In certain cases where
primarily just disulfide bonds are available on target proteins free
thiomers are more efficient and vice versa. As these S-protected
thiomers aremore reactive than unprotected thiomers, they are also re-
ferred as preactivated thiomers [24].

2.2. Synthesis of thiolated polymers

Generally, polymers can be thiolated by the immobilization of sulf-
hydryl ligands or the substitution of hydroxyl moieties on polymers
by thiol groups. Apart from that thiomers can be generated by co-
polymerization reactions of various types of (thiolated) monomers. In
Fig. 5 a synopsis of most relevant thiolation methods is provided.

2.2.1. Covalent attachment of sulfhydryl ligands
Generally commercially available preactivated reagents like

γ-thiobutyrolactone or 2-iminothiolane are used to attach thiol sub-
structures on amino bearing polymers. In contrast to 2-iminothiolane
the formation of cyclic non-thiol products of the ligand during synthesis
and storage can be avoided in case of isopropyl-S-acetylthioacetimidate
[27]. Through reaction of imidates with primary amines amidine bonds
are formed [41]. Because of the higher cationic character of amidines in
comparison to amines, the cationic charge of such thiomers is conse-
quently raised. This effect can be advantageous although a raised cat-
ionic character of polymers bears toxicological risks. Chitosan, for
instance, precipitates in aqueous media above pH 6.5, whereas it re-
mains stable even at pH 7.5 when bearing amidine substructures [20].
As free thiol groups can interfere with many coupling reactions they
need to be protected. The most widely applied protective group is
thioacetate such as in case of N-succinimidyl S-acetylthioacetate [28]
that can be quantitatively eliminated with hydrolyzing agents such as
NaOH, potassium carbonate or sodiummethoxide after the coupling re-
action. γ-Thiobutyrolactone is also useful for thiolation of polysaccha-
rides as it forms esters with hydroxyl moieties of the polymer. Maleki
et al., for instance, thiolated hemicellulose in this way [30].

Other coupling reactions are based on esterfication of sulfhydryl li-
gands bearing a carbonic acid substructure with hydroxyl groups of
polymers mediated by hydrochloric acid [33,42,43]. Themethod is sim-
ple and no byproducts are formed. Alternatively, the carboxylic



Fig. 5. Methods for the synthesis of thiolated polymers Preactivated reagents [26,20,27–30] amide bond [31,2] carboxylic hydrazide [32] ester bonds [33,34] reductive amination [35]
substitution [36,37] polymerization [38–40].
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acids can be activated by the formation of anhydrides to facilitate
esterfication [34].

Alternatively, sulfhydryl ligands are often attached to polymers via
carbodiimide mediated amide or ester bond formations. Such reactions
can be performed both in aqueous media and in organic solvents. Zhu
et al. could prevent O-acylisourea ester hydrolyzation in water by
performing the reaction in N,N-dimethylformamide obtaining a 6-fold
higher degree of thiolation [44]. Employing anhydrous synthesis condi-
tions with a solvent mixture of N,N-dimethylformamide/dichlorometh-
ane and applying N,N′-diisopropylcarbodiimide increased coupling
rates of cysteine to poly(acrylic acid) by 4-fold compared to the
aqueous control synthesis [45]. In order to improve the reaction
efficacy active esters such as (sulfo)-N-hydroxysuccinimide esters
or N-hydroxybenzotriazole (HOBt) esters can be formed as inter-
mediate products [46,47]. As HOBt derivatives have generally been
regarded as potential explosives, they might be replaced in the future
by ethyl(hydroxyimino)cyanoacetate or COMU ((1-cyano-2-ethoxy-2-
oxoethylidenaminooxy)dimethylamino-morpholino-carbenium
hexafluorophosphate). Thiol groups are also often S-protected by acety-
lation for these reactions. Alternatively ligands are used as disulfide
dimers being reduced after the coupling reaction [34,48]. First S-
protected thiomers having been synthesized as described above
were obtained by the reaction of thiomers with dimers of 2-
mercaptonicotinic acid or 2-mercaptonicotinamide. As via this method
an entire S-protection cannot be achieved, an alternativemethodwasde-
veloped by Hintzen et al.. By the immobilization of already S-protected
sulfhydryl ligands to the polymer backbone via a carbodiimidemediated
reaction remaining free mercapto groups can be excluded [49].

In case of oligo- and polysaccharides aldehyde substructures can be
formed through an oxidative ring opening of monosaccharides and re-
ductive amination with thiol bearing amines such as cysteamine
[50,35]. This method, however, leads to the formation of secondary
amino substructures providing a cationic character of the polymer that
can from the toxicological point of view be disadvantageous as most cat-
ionic polymers like polyallylamine, polylysine or polyarginine exhibit
pronounced cytotoxicity. Furthermore, the cationic character of the poly-
mer can cause strong interactions with anionic drugs and a restricted
cross-linking because of ionic repulsions. Additionally, integrity of ring
structures within the polysaccharide backbone cannot be maintained. In
case of cyclodextrins this ring opening seems to be even advantageous
as drug solubilizing properties of these oligosaccharides can be improved
[51].

2.2.2. Substitution of hydroxyl groups by thiol groups
As many polymers exhibit hydroxyl groups such as polysaccharides,

these alcohols can be simply substituted by thiol groups. In a first step
hydroxyl groups are substituted by bromine or iodine, that is in the
following step replaced by a thiol group via reaction with thiourea
[36]. Hydroxyethylcellulose, for example, was brominated with N-
bromosuccinimide-triphenylphosphine using lithium bromide in N,N-
dimethylacetamide. In the following bromo substructures were replaced
by thiol groups through reaction with thiourea [52]. The same synthetic
pathway can also be applied for cyclodextrins [36]. Apart from oligo-
and polysaccharides poly(vinyl alcohol) was thiolated by the same
method [53].More recently, chitosanwasdirectly thiolatedwith thiourea
just undermicrowave irradiation [37]. As a halogenation is not necessary
and the method takes just a fewminutes, it seems advantageous.

2.2.3. Co-polymerization reactions
In contrast to the attachment of sulfhydryl ligands and substitution

reactions, the variety and flexibility to design thiomers of choice is
much greater in case of co-polymerization reactions. Once an appropri-
ate thiolated monomer has been generated, it can be co-polymerized
with different types of other monomers in various ratios. As most poly-
merization reactions are free radical mediated and free thiol groups are
radical scavengers, however, thiol groups need to be S-protected. In case
of alkene polymerizations this S-protection is also necessary to avoid
thiol-ene reactions as described in detail in the following chapter. In
Table 2 S-protected thiol bearing alkene monomers are summarized.
Solhi et al. created for instance S-protected thiomers based on polymer-
ization of monomers with vinyl substructures. First, a mixed disulfide of
6-mercaptonicotinic acid (6-MNA) and cysteamine was reacted with
acryloyl chloride leading to 6-(2-acryloylamino-ethyldisulfanyl)-
nicotinic acid (ACENA) that was in the following co-polymerized with
acrylic acid [38]. ACENA was recently also co-polymerized with
N-vinylpyrrolidone to obtain S-protected polyvinylpyrrolidone [54].
Alternatively, disulfide dimers can be co-polymerizedwith othermono-
mers and thereafter reduced. Acrylamide, N-phenylacrylamide and
bisacryloylcystamine, for instance, were co-polymerized and thereafter
reduced with dithiothreitol (DTT) [55]. Besides dithiothreitol sodium
borohydride and tris(2-carboxyethyl)phosphine (TCEP) turned out as
useful reducing agents [56,57].

In case of condensation reactions like with (3-mercaptopropyl)
trimethoxysilane S-protection is not necessary [73–75]. An example
for a thiomer having been gained via condensation reaction is
dimethicone/mercapto propyl methicone copolymer as illustrated in
Fig. 6 [76,77]. Condensation reactions offer the additional possibility to
directly form thiolated nanoparticles. Recently, Al Mahrooqi et al.
could demonstrate that even the size of thiolated nanoparticles can be
accurately controlled by such reactions [39]. Despite the great flexibility
of this approach polymerization and condensation reactions are never-
theless rarely used by pharmaceutical industry as standardization and
upscale is much more complex and time consuming than the modifica-
tion of alreadywell-characterized polymers. For other industries such as
the cosmetic industry, however, this does not seem to be an issue [77].

Generally, storage stability of thiomers is provided in solid state [78].
In case of semisolid or liquid formulations, however, thiomers are oxi-
dized over time [8]. In order to overcome this stability problem they
can be either S-protected as described above or they can be stored
under inert conditions in the same way as drugs that are subject to ox-
idation as well.
3. Reactions of thiolated polymers

Thiol groups can undergo either nucleophilic (thiol-disulfide ex-
change, Michael addition) or radical (oxidation, thiol-ene) reactions.
As both reactions are promoted by thiolate anions, efficiency and kinetic
are highly pHdependent. An overview about these reactions is provided
in Fig. 7.

In case of thiol-disulfide exchange reactions disulfide bonds are the
target of nucleophilic attack by thiolate anions. If symmetric disulfides
are attacked, the new disulfide is formed with both sulfur atoms with-
out any preference. In case of asymmetric disulfides, however, the for-
mation of more stable new disulfides is favored. The more electron-
donating groups are surrounding the disulfide bond, the more stable it
is. For the application of most thiomers a rapid formation of highly sta-
ble disulfides is advantageous. As on the one hand a rapid formation of
disulfides is favored by thiols with electron-withdrawing neighboring
groups and the stability of the newly formed disulfide is on the other
hand improved by electron-donating groups, the design of thiomers
ends up with a compromise. In case of mucoadhesion, for instance, a
too fast formation of new disulfide bonds seems even disadvantageous
as the interpenetration of the thiomer into themucus gel layer addition-
ally improving adhesion through polymer chain entanglements is hin-
dered by already formed new disulfide bonds. In other cases the
residence time of thiomers with low reactivity is simply too short to
form new disulfides at the target site. In contrast to the influence of
electron-donating and –withdrawing groups, oppositely charged
groups on the attacking thiol and on the disulfide as illustrated in
Fig. 3 are contributing to both reactivity and stability in the same
manner.



Table 2
Thiolated mono-, di- and oligomers used for synthesis of thiomers.

Mono-, di- and oligomers Chemical structure References

2-(Acetylthio)ethylmethacrylate [58,59]

6-(2-Acryloylamino-ethyldisulfanyl)-nicotinic acid [38]

Bis(2-methacryloyloxyethyl)disulfide [60]

4-(Bis(3-(pyridin-2-yldisulfaneyl)propoxy)methyl)-N-methyl-N-(4-vinylbenzyl)aniline [61]

N,N′-Cystaminebisacrylamide [62–64]

[(Propargyl carbamate)-cystamine]-α,β-aspartamide (Asp-SS-AL) [65]

Prop-2-yn-1-yl (2-((2-aminoethyl)disulfaneyl)ethyl)carbamate [65]

N-(3-(3-(Pyridin-2-yldisulfanyl)propanamido)propyl)methacrylamide [28]

2-(2-Pyridin-2-yldisulfanyl)ethyl-2-(methacrylamido)acetate [28]

3-(Pyridin-2-yldisulfaneyl)propyl 2-bromo-2-methylpropanoate [66]

2-(Pyridin-2-yldisulfaneyl)ethyl methacrylate [67–69]

3-(Pyridin-2-yldisulfaneyl)propyl methacrylate [70]

Pyridyldisulfide ethylacrylamide [70]
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Table 2 (continued)

Mono-, di- and oligomers Chemical structure References

Pyridyldisulfide ethylmethacrylate [67–69]

2-(Pyridin-2-yldisulfaneyl)ethyl acrylate [71]

N-(2-(Pyridin-2-yldisulfaneyl)ethyl)methacrylamide [71]

S-(4-Vinyl) benzyl S′-propyltrithiocarbonate [72]
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Oxidation reactions of thiomers depend on the concentration of
thiolate anions and their accessibility to each other on the polymer.
Thiols being neighbored by groups of the same charge repulse each
other and are less oxidized than those being neighbored by oppositely
charged groups. Furthermore, the oxidation of thiomers can be acceler-
ated by sonication [79], enzymes [80] and oxidants [81].

Crosslinking due to the addition of thiol groups to alkenes either by a
nucleophilic addition (Michael addition) or a radical-mediated process
is becoming increasingly important within the development of novel
biomaterials such as particles and hydrogels for drugdelivery, dental re-
storative resins, biomimetic hydrogels and hydrogels for tissue engi-
neering and regeneration [82–85]. Although thiol-ene reactions are
known since hundred years and are used for polymerizations since sev-
eral decades [82], they came just a few years ago into use for the
Fig. 6. Dimethicone/mercapto propyl methicone copolymer; adopted from Hawkins
et al. [77].

Fig. 7. Reactions of thiolated polymers.
crosslinking of thiomers [5,6]. Most thiol-ene reactions are conducted
under radical conditions being photochemically initiated. Reactions
are very rapid and can be complete even within a few seconds. In
Table 3 alkenes useful for the crosslinking of thiomers are summarized
although the reaction can be performed with virtually any olefin bond.
Terminal enes showgenerally higher reactivity towards hydrothiolation
than internal enes. On this way, unique crosslinking structures with im-
proved mechanical properties can be easily generated by an environ-
mentally harmless fast and selective reaction. The Michael addition
involves the nucleophilic addition of a thiol to a α,β-unsaturated car-
bonyl compound such as acrylate or methacrylate groups [86–88]. In
situ chemical crosslinking is selective under physiological conditions
without the need of toxic adjuvants [89]. Hydrogels are for example
formed by the reaction between thiol-modified sodium hyaluronate
and thiolated gelatin with diacrylated PEG (PEGDA) [90]. The light initi-
ated thiol-ene chemistry startswith the thiyl radical upon abstraction of
a hydrogen atom followed by its addition to the alkene and by proton
abstraction from a thiol-containing molecule to generate a new thiyl
radical. This chain transfer process is highly efficient whereby a single
radical can cause up to tens of thousands additions [91,92].

4. Key features of thiolated polymers

Key features of thiomers are primarily based on their capability to
form disulfide bonds with endogenous proteins and their in situ
crosslinking properties. An overview about the versatile applicability
of thiolated polymers is provided in Fig. 8.

4.1. Bioadhesion

4.1.1. Mucoadhesion
Mucosal surfaces are easily accessible and therefore essential appli-

cation sites for local therapy as well as non-invasive systemic drug de-
livery. Mucoadhesion is generally provided by the interaction of
polymers with mucins via either weak non-covalent bond formations
such as hydrogen bonds, van der Waal's forces, ionic and hydrophobic
interactions or interpenetration processes [99]. Because of their capabil-
ity to build disulfide bondswith cysteine substructures of themucus gel
layer, thiomers as well as their S-protected analogues provide stronger
adhesive linkages by thiol/disulfide exchange reactions or oxidation of
thiols. Evidence for these disulfide bond formations was first provided
by Leitner et al. [21]. Furthermore, disulfide bond formation can occur
between thiomer chains in a time dependent and controllable manner.
Due to this stable crosslinking, a high cohesive polymer network is pro-
vided going hand in hand with minor adhesive bond failures. In addi-
tion, adhesive properties are enhanced by interpenetration. As soon as



Table 3
Overview of alkenes used for the crosslinking of thiomers.

Crosslinker Abbreviation Structure References

Tri(ethylene glycol) divinyl ether TEGDVE [93,94]

Poly(ethylene glycol)diacrylate PEGDA [6,95]

Poly(ethylene glycol) based hyperbranched copolymer of high content of
acrylate vinyl moieties

PEGMEMA 475 –MEO 2
MA–PEGDA 258

[5]

N,N′-Methylenebis(acrylamide) MBAA [30]

Triallyl-1,3,5-triazine-
2,4,6-trione

TTT [93]

Tetra PEG-tetra-acrylates TetraPAc8 [96]

Allyl functionalized poly(glycidol) P(AGE-co-G) [97]

Multi-acrylate hyperbranched PEG [98]
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the polymer penetrates the mucus gel layer, stabilizing disulfide bonds
are built and the thiomer is effectively anchoredwithin themucusmesh
work as illustrated in Fig. 9.

The impact of thiolation on the performance of polymers com-
pared to the unmodified controls has been investigated in numerous
studies by research groups worldwide. Even more than 100-fold
improved mucoadhesiveness due to thiolation is reported [100]. Eye
drops containing 124I-labeled chitosan–N-acetylcysteine (chitosan–
NAC) were examined in rabbits enabling microPET technology. Expan-
sion in ocular residence time to almost 24 h and improved
biodistribution were assigned for eye drops containing thiolated chito-
san whereas an aqueous solution of Na124I was cleared from the mu-
cosa within an hour [101]. This strongly prolonged ocular residence
time of chitosan-NAC was in the following confirmed in clinical trials
[102]. Generally, S-protected thiomers show higher mucoadhesive
properties than unprotected thiomers. Iqbal et al. evaluated in this
connection the impact of S-protection on thiolated poly(acrylic acid)
showing that the improved mucoadhesive features obtained by
thiolation can be even further improved via S-protection [24]. Various
review articles report about the superior mucoadhesive properties of
thiolated polymers and S-protected thiomers e.g. [103] [104–107].
An overview about so far developed mucoadhesive thiolated polymers
is provided in Table 4.

More recently, decoration of nanosized carriers such as nanoparti-
cles, liposomes, self-emulsifying drug delivery systems (SEDDS) and
micelles with thiol functionalities moved in the focus of research. By
forming or coating nanocarriers with thiolated polymers mucosal resi-
dence time can be strongly prolonged and drug uptake consequently in-
creased. Fabiano et al., for instance, showed a 2-fold higher oral
bioavailability of amacromolecularmodel drugwith thiolated nanopar-
ticles vs. non-thiolated nanoparticles because of their improved
mucoadhesive properies [125]. Barthelmes et al. showed in another
in vivo study 4-fold higher mucoadhesive features of thiolated
nanocarriers in comparison to non-thiolated nanocarriers on
intravesical mucosa of rats [239]. Similar results regarding the
mucoadhesive features of thiolated nanocarriers on intravesical mucosa
were obtained by Cook et al. [59]. Liposomes can be coatedwith anionic
and cationic thiolated polymers in order to improve their efficacy as



Fig. 8. Overview about the versatile applicability of thiolated polymers.
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drug delivery systems e.g. [240–242]. In case of SEDDS, thiomers are in-
corporated in the lipophilic pre-concentrate assembling on the surface
of the oily droplets formed during the dilution process in aqueous
media [192]. Upon oral administration of thiolated chitosan SEDDS con-
taining insulin, for instance, serum insulin was significantly increased
compared to an orally dosed insulin solution [243]. Furthermore,
Fig. 9. Illustration of mechanisms being responsible for h
improved mucoadhesive properties were shown for thiolated poly-
meric micelles [244].

Other more recent developments are focusing on the improvement
of mucoadhesive properties of cyclodextrins via thiolation. Ijaz et al.
obtained a mucoadhesive β-cyclodextrin (β-CD-Cys) conducting a
two-step synthesiswith oxidative ring openingprior to covalent linkage
igh mucoadhesive properties of thiolated polymers.



Table 4
Overview about different types of thiomers; MA = mucoadhesive; XL = crosslinking; PE = permeation enhancing; EPI = efflux pump inhibiting.

Type of
polymer
backbone

Polymer backbone Type of thiolation Preactivation Properties Applications Products Representative references (limited
to 3 references; for further
references please contact the
corresponding author)

Polysaccharides Hyaluronic acid Attached ligands: cysteine; 3-mercapto propionic
acid; 3-mercapto propanoic dihydrazide;
4-mercapto-butyric dihydrazide

Preactivated with
2-mercaptonicotinic acid

MA; XL;
PE

Drug delivery; tissue
engineering;
regenerative medicine

Blafar
Fast-Gelling
Thiolated
Hyaluronic
Acid

[108–110]

Carboxymethyl hyaluronic acid Attached ligands: 3-mercapto-propanoic dihydrazide MA, XL Tissue engineering;
wound healing

Hystem®
Hystem® -HP
Glycosil®
Heprasil®
Renevia®
Premvia™
ReGlyde™

[111–113]

Chitosan Attached ligands: thiolglycolic acid; N-acetyl
cysteine; glutathione; 4-thiobutylamidine;
3-mercaptopropionic acid; 6-mercaptonicotinic acid;
11-mercaptoundecanoic acid

Preactivated with
6-mercaptonicotinamide

MA; XL;
PE; EPI

Drug delivery;
regenerative
medicine; tissue
engineering

Lacrimera® [114–116]

Glycol chitosan Attached ligands: N-acetylcysteine; glutathione;
thioglycolic acid; 3-mercaptopropionic acid,
3,3'-dithiodipropionic acid

Preactivated with
2-mercaptonicotinic acid

MA, PE Drug delivery [117,118,119]

Trimethyl-chitosan Attached ligand: cysteine; homocysteine MA; XL;
PE

Drug delivery [120–122]

Triethyl chitosan Attached ligand: cysteine MA; PE Drug delivery [123]
N,O-[N,N-diethylaminomethyl
(diethyl-dimethylene-ammonium)
methyl] chitosans

Attached ligands: thioglycolic acid; 3-mercapto
propionic acid; 3-(2-pyridyldithio)propionic acid

Preactivated with
6-mercaptonicotinamide;
pyridine-2-thiol

MA; PE Drug delivery [124–126]

Alginate Attached ligands: cysteine; thioglycolic acid EPI; MA;
XL

Drug delivery; wound
healing

[127–130]

Pectin Attached ligands: thioglycolic acid; cysteine;
4-aminothiophenol

MA; XL;
EPI

Drug delivery [131–133]

Heparin Attached ligands: cysteamine; 4-thiobutylamidine;
3-mercapto propanoic hydrazide

XL Tissue engineering,
regenerative medicine

Heprasil® [134–136]

Chondroitin sulfate Attached ligands: 3-mercapto propanoic hydrazide XL Regenerative medicine [137,57,138]
Gellan gum Attached ligands: thioglycolic acid; cysteine;

4-thiobutylamidine
MA;XL Drug delivery; tissue

engineering
[139–141]

Carboxymethyl gellan gum Attached ligands: thioglycolic acid MA; XL Drug delivery [142]
Carrageenan Substitution of hydroxyl groups with thiol groups MA; EPI, Drug delivery [143]
Starch Ring opening and reductive amination; Attached

ligands: thioglycolic acid; Substitution of hydroxyl
groups with thiol groups

MA Drug delivery [144–146]

Pullulan Attached ligands: cysteamine; mercaptosuccinic acid Preactivated with
6-mercaptonicotinamide

MA Drug delivery [147–149]

Glycogen Attached ligand: cysteine Preactivated with
2-mercaptonicotinic acid

MA Drug delivery [150–152]

Xyloglucan Attached ligands: thioglycolic acid PE; MA;
XL

Drug delivery [153–155]

Cellulose Substitution of hydroxyl groups with thiol groups;
Attached ligands: thioglycolic acid;
6-amino-1-hexanethiol

XL Functionalized
cellulose films

[156–159]

Carboxymethyl cellulose Attached ligands: cysteine, Preactivated with
2,2'-dithiodinicotinic acid

MA; XL;
PE; EPI

Drug delivery [160–162]

Hydroxy ethylcellulose Attached ligands: cysteamine; Substitution of
hydroxyl groups with thiol groups

Preactivated with
6-mercaptonicotinamide

MA; PE;
XL

Drug delivery [35,52,163]

Hydroxy propylcellulose Attached ligands: cysteamine MA; XL Drug delivery [164]
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Dextran Ring opening and reductive amination with
cysteamine; Attached ligands: mercaptopropionic
acid

Drug delivery [50,165]

Carboxymethyl dextran Attached ligands: cysteine, cysteamine Drug delivery [166–168]
O-Acetyl-galactoglucomannan Attached ligand: 4-mercapto butyric acid XL [30]
Flaxseed mucilage Attached ligand: thioglycolic acid MA Drug delivery [169]
Arabinoxylan Attached ligands: thioglycolic acid MA; PE Drug delivery [170]
Xanthan gum Attached ligands: thioglycolic acid; 3-mercapto

propionic acid; cysteine
Preactivated with
2-mercaptonicotinic acid

MA; XL [171–173]

Fucoidan Attached ligands: cysteamine PE; EPI Drug delivery [174]
Cyclodextrins alpha-Cyclodextrin Attached ligands: cysteine Preactivated with

2-mercaptonicotinic acid
MA Drug delivery [51,175]

beta-Cyclodextrin Attached ligands: cysteine; cysteamine;
mercaptohexamethylene; Substitution of hydroxyl
groups with thiol groups

MA Drug delivery,
food
additive/antioxidant;
biomedicine

[176–179]

gamma-Cyclodextrin Substitution of hydroxyl groups with thiol groups Preactivated with
2-mercaptonicotinic acid

MA Drug delivery [180,181]

Poly(meth)
acrylates

Carbomer Attached ligands: cysteine, Preactivated with
2-mercaptonicotinic acid

MA; PE
XL; EPI

Drug delivery;
diagnostics

[182–184]

Polycarbophil Attached ligands: cysteine; N-acetylcysteine MA; XL;
PE

Drug delivery [4,185,186]

C10-30 alkyl-modified carbomer Attached ligands: cysteine; homocysteine;
4-aminothiophenol

Preactivated with
2-mercaptonicotinic acid

MA Drug delivery [187,188]

Eudragit L 100 Attached ligands: cysteine Preactivated with
2-mercaptonicotinic acid;
6-mercaptonicotinamide

Drug delivery [189–191]

Eudragit S 100 Attached ligands: cysteamine [192]
2-thioethylacrylate/
2-hydroxyethylmethacrylate
co-polymers

2-mercaptoethyl MA Drug delivery [58,59]

Poly(methacrylic acid-co-sodium
acrylamidomethyl propane
sulfonate

Attached ligands: cysteine Preactivated with
2-mercaptonicotinic acid

MA; XL Drug delivery [193]

Poly
(acrylamide)
copolymers

Poly(acrylamide) copolymer Attached ligands: cysteamine; N,N-bis
(acryloyl)-cystamine as linker

Vitreous replacement [194,55,195]

Silicones Amino-modified silicone oil Attached ligands: cysteine; thioglycolic acid;
3-mercaptopropionic acid; 11-mercaptoundecanoic
acid; 1,6-hexanedithiol

Preactivated with
2-mercaptonicotinic acid

[196–198]

3-Mercaptopropyltrimethoxysilane
condensates

3-mercaptopropyl MA Drug delivery;
Biomedicine; Heavy
metal binding
materials

[73,199,200]

Dimethicone/mercapto propyl
methicone copolymer

3-mercaptopropyl Hair treatments Gransil M-SH
fluid

[76,77]

Dimethicone/mercapto propyl
methicone and phenyl trimethicone
copolymer

3-mercaptopropyl Hair treatment Gransil
PM-SH fluid

[76,77]

Poly(dimethylsiloxane)-graft-
polyacrylate

Attached ligands: cysteine Preactivated with
2-mercaptonicotinic acid

MA Drug delivery [201]

Silicon wafers (N-type) Attached ligands: 1H,1H,2H,2H-perfluorodecanethiol Antifouling;
biomedicine

[202–204]

Proteins Gelatin Attached ligands: 4-thiobutylamidine; cysteamine;
3-mercapto-propanoic dihydrazide;4-mercapto
butyric acid; N-acetyl-homocysteine

Preactivated with
2-mercaptopyrimidine-4,6-diol

MA; XL Drug delivery; tissue
engineering;
regenerative
medicine, wound
healing

Gelin-S®
Hystem® -C
Blafar
Thiolated
Gelatin

[6,205,206]
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Table 4 (continued)

Type of
polymer
backbone

Polymer backbone Type of thiolation Preactivation Properties Applications Products Representative references (limited
to 3 references; for further
references please contact the
corresponding author)

Collagen Attached ligands: 2-mercaptoethylamine;
4-thiobutylamidine; 4-mercapto butyric acid;
cysteamine; mercaptosuccinic acid; thioglycolic acid

XL Regenerative medicine Gelin-S®
Hystem® -C

[207–209]

Keratin Reduction with NaBH4 Preactivated with
2-mercaptonicotinic acid

Hair treatment [210–212]

Poly(aspartic acid) Attached ligands: cysteamine; cysteine XL; MA Tissue engineering;
drug delivery

[22,213,214]

Others PAMAM dendrimers N-acetylcysteine; 4-thiobutylaminidne; methyl
mercaptoacetate, 3-mercapto propionic acid

PE; EPI;
MA

Drug delivery;
diagnistics

[215–217]

PEG Attached ligands: cysteine; 3-mercapto-propionic
acid; thioglycolic acid; tert-butyl mercaptan

XL; MA Imaging; tissue
engineering; wound
healing; drug delivery

[218–220]

PEG-block-poly(L-lysine) Attached ligands: 4-thiolbutylamidine XL Drug delivery [221]
Graphene (oxide) Hydrothermal pyrolysis of carbon source (citric acid)

in the presence of reduced-glutathione; Attached
ligands: cysteamine

MA Theranostic
nanocarrier; drug
delivery

[222–224]

Poly(glycidol) Attached ligands: 3-mercapto-propionic acid XL Drug delivery; tissue
engineering

[48,97,146]

Polyethyleneimine Attached ligands: 4-mercapto butyric acid;
4-mercapto butylamidine

MA; XL Drug delivery;
antiperspirant;
diagnostics

[26,225,226]

Poly(aspartamide) Attached ligands: cysteine; cysteamine; thioglycolic
acid

Artificial tear fluid;
drug delivery;
biomedicine

[65,227,228]

Poly(vinyl alcohol) Substitution of hydroxyl groups with thiol groups;
Attached ligand: 3-mercapto-propionic acid; cysteine

MA; XL Drug delivery;
Treatment of retinal
dispachment;
regenerative medicine

[33,229–231]

Poly(vinylpyrrolidone) 2-mercaptoethyl Preactivated with
2-mercaptonicotinic acid

MA; XL Drug delivery [54]

Poly(allylamine) Attached ligands: 4-thiobutylamidine MA; EPI Drug delivery [232–234]
Graphene oxide Attached ligands: cysteamine MA Drug delivery;

diagnostics
[223,235]

Poly-L-lactide Attached ligands: cysteine Drug delivery [236]
Polyurethane Attached ligands: cysteine; thioglycolic acid Drug delivery [237,238]
Polyethylene terephthalate Attached ligands: cysteine Drug delivery [237]
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Fig. 10. Fluorescence images of natural hair fibers. Untreated hair fiber (A), fibers with
unmodified keratin (B), with highly thiolated keratin (C) and with S-protected highly
thiolated keratin (D) bound to the surface [210].

Fig. 11. Overview on membrane-associated proteins with exofacial thiols (highlighted in
yellow).(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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of cysteamine through reductive amination [245]. β-CD-Cys showed
49-fold improved retention time on porcine intestinal mucosa and
35-fold improved retention on porcine buccal mucosa in comparison
to unmodified β-cyclodextrin. In another study the ocular residence of
α-cyclodextrin was up to 32-fold improved by the immobilization of
cysteamine on the oligomeric backbone. As this thiolated cyclodextrin
showed no absorption in visible light at all, it was promoted as ‘invisible
choice to prolong ocular residence time of drugs’ [175].

Further new developments have shown that amphiphilic and even
lipophilic polymers such as silicones exhibit mucoadhesive properties
through thiolation. Emulsions containing a C10-30 alkyl-modified
thiolated carbomer showed almost 10-fold improved mucoadhesive
properties on porcine buccal mucosa than emulsions containing the
same polymer without thiol groups [187]. Thiolated organosilica nano-
particles from3-mercaptopropyltrimethoxysilane exhibited a compara-
tively high ability to adhere to ocular mucosal surface [73]. In another
approach the mucoadhesive features of a silicone oil were 3-fold im-
proved by the covalent immobilization of 3-mercaptopropionic acid to
this hydrophobic polymer [196].

4.1.2. Adhesion to keratinous surfaces
Keratins are essential for themechanical stability and integrity of ep-

ithelial cells and tissues [246]. They represent also themajor component
of dry mass in the stratum corneum as well as in the skin appendages
such as hair and nails [247]. Due to its high content of cysteine being
in the range of 7–20% it is likely an even more attractive target for
thiomers than mucin glycoproteins are [248]. Analyses of Griessinger
et al. revealed a total amount of 97.8 ± 45.7 μmol/g and 67.8 ± 18.2
μmol/g of free thiol groups available on fresh porcine ear skin and the
human horny layer, and a total amount of immobilized thiol groups of
292.1 ± 38.5 μmol/g and 484.0 ± 49.3 μmol/g, respectively [162].
The overall number of ½ cystine in hair keratin corresponds to even
1268–1608 μmol/g [249,250]. On that account, similar interactions
between thiolated polymers and the keratin like occurring in
mucoadhesion on the base of thiol/disulfide-exchange reactions can
be assumed [247,251]. Within an early study adhesive properties of
polycarbophil-cysteine on porcine abdominal skin could be verified
for the purpose of a more effective transdermal progesterone delivery
system [252]. Skin adhesiveness of hydrophilic and lipophilic thiol-
modified polymer gels were examined showing that adhesive forces
are significantly elevated in comparison to the unmodified control
polymers resulting in a 6-fold, 25-fold, 9-fold and 5-fold increase for
poly(acrylic acid)-cysteine, Carbopol 971-cysteine, carboxymethyl
cellulose-cysteamine and silicone oil thiolated with thioglycolic acid
[162]. Partenhauser et al. investigated the potential of attachment of
two different sulfhydryl ligands to extend the residence time of poly
[dimethylsiloxane-co-(3-aminopropyl)methylsiloxane] on porcine ear
skin. After 8 h exposure on skin still 20% of silicone-thioglycolic acid
and even 40% of silicone-mercaptopropionic acid remained adherent,
whereas unmodified silicon was already completely eliminated under
the chosen test conditions [253]. Thi et al. evaluated the adhesive prop-
erties of thiolated gelatin hydrogels on porcine skin showing that the
more thiol groups are immobilized on the protein the higher are its ad-
hesive properties. In fact, the adhesive properties of theirmost adhesive
thiomer formulationwere even 15.8-fold higher than that of a commer-
cially available fibrin glue (Tissucol Duo 500) [206]. Laffleur et al.
recorded 7.5-fold and 15-fold higher dermal adhesive forces for S-
protected thiolated chitosan and thiolated poly(acrylic acid) derivatives
in comparison to the corresponding unmodified polymers [254,255].

Most recently, human hair keratinwith an increased number of sulf-
hydryl groups was S-protected with 2-mercaptonicotinic acid and eval-
uated for superficial binding to hair fibers in order to reconstitute hair
structure. The modification resulted in a higher keratin recovery on
hair fibers visualized upon fluorescent marking as illustrated in
Fig. 10. In fact, the S-protected highly thiolated keratin was to a 3.6-
fold higher extent bound to bleached hair fibers than unmodified
keratin [210]. Furthermore, adhesion of thiolated chitosan to keratin
of sheep wool was shown to be 2-fold higher than that of unmodified
chitosan [256] opening the door for numerous applications especially
in textile industry.

4.1.3. Adhesion to membrane-associated proteins
Apart from mucosal membranes exhibiting cysteine-rich mucins

and skin exhibiting cysteine-rich keratins, many cell membrane pro-
teins such as integrins, scavenger receptors, epidermal growth factor re-
ceptor or insulin-like-growth factor receptor display cysteine-rich
subdomains on the cell surface as illustrated in Fig. 11 [257–259].
Some of these cysteine-rich domains have even been designed by na-
ture to provide adhesion. Integrins, for instance, that are part of the
most important cell adhesion mechanism binding and mechanically
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fixing cells to extracellularmatrix (ECM), bear a number of cysteine-rich
domains with in total 56 cysteine residues on their extracellular β-
subunit [259]. These cysteine-rich domains of membrane-associated
proteins are interesting targets for thiomers. In addition, various
membrane-associated enzymes such as protein tyrosine phosphatase
exhibit a thiol substructure in their active center [260], making them
to interesting targets as well. These exofacial thiols seem to be involved
in variousmechanisms such as cell uptake [261,262]. Aubry et al., for in-
stance, could find for amodel peptide exhibiting a cysteine substructure
that was bound to another cysteine via a disulfide bond almost no cellu-
lar uptake. In contrast, when this cysteine substructure on the peptide
was activated with 3-nitro-2-pyridinesulfenyl to form new disulfide
bondswith exofacial thiols, thepeptidewas to a high extent transported
inside the cells [263]. Furthermore, exofacial thiolswere shown to be in-
volved in the opening of tight junctions [260] [257] or the inhibition of
efflux pumps such as P-glycoprotein (P-gp) [264]. Thiomers exhibiting
permeation enhancing properties and efflux pump inhibiting properties
are listed in Table 4. As certain cancer cells were shown to express a
comparatively higher level of exofacial thiols [265], these functional
groups might provide a promising anchor for targeted drug delivery.
As thiomers are capable of forming not just one but several disulfide
bonds with membrane-associated proteins, they are likely more tightly
bound than monothiols. Although the binding and interaction of
thiomers to exofacial thiols has already been shown in various studies,
it has to be pointed out thatmost of these studies have been largely lim-
ited to immortalized cell lines or rodents. More recently Glass et al. pro-
vided evidence for the enhanced association of thiomers to distinct
human blood cells providing more valid data regarding the potential
of thiomers to adhere to membrane-associated proteins [266]. More-
over, a stimuli-responsive system for controlled cell adhesion and de-
tachment made of thiolated chitosan and thiolated chondroitin sulfate
was constructed. Owing to the formation and cleavage of inherent disul-
fide bonds by oxidation and reduction, surface properties of the system
were controlled toward human fibroblasts adhesion in a reversible
manner. The system might be useful for biomedical applications as re-
sponsive and obedient surfaces in medical implants [57]. Gevrek et al.
established a similar ‘catch and release’ hydrogel platform for cells
based upon thiol-disulfide exchange reactions [267].

4.2. In situ gelation

In situ gelling properties are advantageous for numerous applica-
tions in life sciences. In drug delivery the efficacy of many topical liquid
formulations such as ocular, nasal and vaginal formulations can be im-
proved, as the sol-gel transformation after application prevents from a
rapid outflow and provides prolonged residence time [268]. Such for-
mulations can be administered as liquids forming in the following stable
gels on the target mucosa. Furthermore, in situ gelling properties play a
vital role for injectable hydrogels and for hydrogels used as scaffoldma-
trices that are widely used in tissue engineering [269]. Apart from that,
in situ gelling properties are also of practical relevance for various fur-
ther applications like for coating materials [270] or for food additives
[271]. Thiomers as listed in Table 4 were shown to exhibit such in situ
gelling properties.

4.2.1. In situ gelation via oxidation and thiol/disulfide exchange reactions
Thiolated polymers exhibit comparatively high in situ gelling prop-

erties because of inter- and intrachain disulfide crosslinking due to oxi-
dation. As the oxidation process depends on the amount of thiolate
anions on each polymer, crosslinking can be controlled by the quantity
and pKa value of thiol substructures on the polymer and pH. The in situ
gelling properties of thiolated polymers, for example, were shown to in-
crease with an increasing degree of thiolation [20,272]. The process of
disulfide crosslinking can be accelerated in the presence of oxidizing
agents like hydrogen peroxide and periodate or enzymes such as perox-
idase [81,206]. For thiolated chitosan a 10,000-fold increase in viscosity
could be achieved within minutes due to the addition of hydrogen per-
oxide [81]. In another study an even 100,000-fold increase in viscosity
within an hour was achieved for the same type of thiomer due to addi-
tion of carbamide peroxide [7]. Furthermore, oxidized glutathione was
shown to trigger in situ gelation of thiomers. In contrast to oxidizing
agents described above, it mediates the crosslinking of thiomers via
thiol-disulfide exchange reactions being thereby reduced to the mono-
mer. Zarembinski et al. could determine gelation times for thiolated
hyaluronic acid and thiolated gelatin hydrogels of less than 5 min due
to the addition of oxidized glutathione in a concentration of 2-10 mM
[113]. In particular for injectable thiomer hydrogels, oxidized glutathi-
one seems to be advantageous because of its history of safe use in
humans. Hydrogels having been crosslinked with oxidized glutathione
exhibited promotion of 3D culture of stem cells and biocompatibility
in intracutaneous and subconjunctival in vivo investigations using
white rabbits [113,273].

Entirely S-protected thiomers offer the additional advantage that
they do not crosslink at all during storage even in form of aqueous liq-
uids. Similar to an oxidized glutathione mediated in situ gelation their
crosslinking can also be initiated via thiol/disulfide exchange reactions.
Getting into contact with free thiols of mucins, keratins or ECM proteins
the crosslinking process is initiated exactly therewhere it is supposed to
take place. Fürst et al., for instance, showed that an entirely S-protected
silicone increases its viscosity only due to the addition of N-
acetylcysteine having been used as representative thiol bearing com-
pound [201].

4.2.2. In situ gelation via thiol-ene reactions
In case of thiol-ene reactions the crosslinking can be controlled by

the type and amount of added alkenes. As listed in Table 3 there are dif-
ferent types of alkenes exhibiting two, three and four ene substructures
available. Thiolated gelatin, for instance, was crosslinkedwith poly(eth-
yleneglycol)diacrylate through thiol-ene reactionprovidinga scaffold of
tunablemechanical features supporting cell attachment and growth [6].
In addition, thiomers being crosslinkedwithmost of such alkenes do not
seem to bear any toxicological risks. To address spinal cord injuries, an
injectable in situ gelling system based on thiolated chitosan was
crosslinked with a four-arm polyethylene glycol terminated in
maleimides. Injected into the spinal cord of rats for two weeks no host
reactions at all were observed [274]. Furthermore, even polymers
displaying multi ene substructures were already used to crosslink with
thiomers. Russo et al. crosslinked thiolated gelatin with pentenoyl-
modified gelatin via thiol-ene reaction and obtained stable hydrogels
mimicking ECM structure [275]. Wang et al. designed thiol- and vinyl-
modified poly(N-isopropylacrylamide) copolymers possessing physical
gelation properties on the one hand deriving from hydrophobic aggre-
gation of the polymers and on the other hand by chemical crosslinking
viaMichael addition reaction of thiol- and vinyl substructures [276]. An-
other example is given by a mixture of thiolated hyaluronic acid and a
(meth)acrylate copolymer [277].

4.3. Controlled drug release

4.3.1. Diffusion-controlled drug release
Drug release controlling properties are of high importance in drug

delivery. Because of a sustained drug release a sufficiently high thera-
peutic drug level on the target tissue in case of local treatments or in
blood in case of systemic drug delivery can be maintained over a
prolonged period of time. The frequency of dosing can be consequently
reduced. Disulfide bond formation under swelling of the thiolated poly-
mers generates a three dimensional network from which incorporated
drugs can be released over several hours in a diffusion-controlled man-
ner. In this way, limited efficacy of polymeric drug delivery systems due
to rapid disintegration or erosion of the polymeric matrix can be over-
come. Polycarbophil matrix tablets were shown to disintegrate within
1.5 hours, whereas thiolated polycarbophil matrix tablets remain stable
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for at least 48 hours providing a sustained drug release [278]. Making
use of this release controlling effect, Hornof et al. showed in a clinical
trial a sustained release of sodium fluorescein from thiolated
polyacrylatematrix tablets used as ocular inserts over 8 hours on the oc-
ular surface. In contrast matrix tablets comprising just the polyacrylate
did not provide a sustained drug release at all [279]. Similar ocular deliv-
ery systemswere developed by Jade Therapeutics Inc. for antibiotics uti-
lizing thiolated hyaluronic acid [280]. The release controlling effect
achieved by disulfide bond formationwithin polymeric drug carrier sys-
temswas also shown for hydrogels andnanoparticles.Moreno et al. pre-
pared hydrogels comprising of S-protected thiolated chitosan and
investigated the impact of crosslinking on the release of ranibizumab
and aflibercept [281]. Higher crosslinking density and less swelling ca-
pacity resulted in lower burst release. Thiolated chitosan was further
utilized in particles to decelerate the release of curcumin and 5-
fluorouracil into the blood. An anticancer study with these particles
using colon cancer HT29-cells revealed up to 3-fold superior efficacy
than the control [282]. Furthermore, blood circulation time and distri-
bution of 5-fluorouracil to the lungs could be substantially increased
by utilizing cysteine modified poly-L-lactide/Pluronic F-68 particles
[236].

4.3.2. Reduction-controlled drug release
Another release controlling mechanism of thiomers making use of

the 3D network formed by inter- and intrachain disulfides is utilizing
the bioreducible properties of these bonds [283]. Kataoka and co-
workers were likely the first describing a bioreducible delivery system
[284]. Based on the existing concentration gradient of glutathione
(GSH) between the extra- and intracellular compartment (GSH intracel-
lular: ~1-11 mM and extracellular: 1.5 μM), disulfide bonds within de-
livery systems are cleaved in the glutathione-rich environment of the
cytosol releasing selectively the cargo [285,286]. Fig. 12 schematically
pictures the principle of intracellular delivery using bioreducible poly-
mers. In particular for intracellular delivery of genes, short interfering
RNA (siRNA) and chemotherapeutics this release mechanism is of rel-
evance [287–289]. Carrier systems comprising multiple functional
groups such as amines and disulfide bonds exhibit high DNA conden-
sation ability combined with a rapid degradation under reducing con-
ditions. A large variety of polymers containing disulfide bonds have
Fig. 12. Schematic illustration of the principle of drug delivery with thiomers; reduction of
incorporated drug.
been examined within the scope of gene delivery such as poly
(amido amines), poly(amino esters), oligomerized amines, copoly-
mers of methacrylic acid, chitosan and hyaluronic acid based nanogels
among others. Poly(amido ethylenimine) polymeric nanoparticles
with multiple disulfide bonds as carrier for pDNA initiated nearly
20-fold higher transfection than the poly(ethyleneimine) control in
different types of cells [290]. Within another study of the same
group a 4-fold higher vascular endothelial growth factor (VEGF) pro-
tein expression versus control could be achieved in the region of in-
farct by using a disulfide poly(amido ethylenediamine) carrier in
rabbits [291]. McGinn et al. achieved successful VEGF transfection of
myoblasts with poly(cystaminebisacrylamide-diaminohexane) in rats
engendering induction of neovascularization, reduction of cardiac ap-
optosis and restoration of ventricular function [292]. Arginine-
grafted poly(disulfide amine) polymer particles could demonstrate
their effectiveness in delivery of siRNA in a mouse tumor model
[293]. Yin et al. evoked a synergistic anti-tumor effect of paclitaxel
and siRNA by using a system comprising an octyl-modified disulfide
containing polyethylenimine core and a thiolated hyaluronic acid an-
ionic shell [225]. The hyaluronic acid shell enabled on the one hand
CD44-mediated active targeting and supported on the other hand
the co-burst release of the active ingredient in the cytoplasm as it is
degraded by hyaluronidase. In vivo studies confirmed significantly
higher tumor growth suppression than under application of commer-
cially available Taxol®. Core shell micelles stabilized by aerial oxida-
tion of mercapto groups into disulfides represent a second
innovative type of carriers in regards of intracellular delivery
[294–296]. Micelles containing thiolated poly(ethylene glycol)-block-
poly(L-lysine) provoked a 100-fold higher siRNA transfection efficacy
in comparison to a control formulation [221].

4.3.3. Controlled release of covalently attached drugs
Drugs with thiol substructure such as in particular peptide and pro-

tein drugs and various anticancer drugs can be covalently bound to
thiomers via disulfide bonds and released in a controlled and sustained
manner via thiol/disulfide exchange reactions or in a reductive environ-
ment. The potential of this delivery technology has meanwhile been
shown in numerous in vitro and in vivo experiments [66,289,297,298]
[289,297,299–301]. Chen et al., for instance, bound a therapeutic
disulfide bonds of the carrier mediated by glutathione in the cytosol and release of the



Fig. 13. Illustration of the postulatedmechanismbeing responsible for the opening of tight
junctions (TJs) through thiomers; by interacting with the highly expressed cysteine-rich
membrane receptors epidermal growth factor receptor (EGFR) and insulin-like growth
factor receptor (IGFR) thiomers activate proto-oncogene tyrosine-protein kinase (Src)
phosphorylation and further disrupt claudin-4 resulting in tight junctions opening;
adopted from Zhang et al. [257].
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peptide to a thiolated chitosan via disulfide bonds. In vitro, a sustained
release of the bioactive peptide for up to 90 days was achieved and
in vivo the superior performance of this delivery system was confirmed
by the repair of bone defects [301]. In another study a peptide drug was
covalently attached to thiolated carboxymethyl dextran resulting in
5-fold extended elimination half-life, 3-fold decreased volume of distri-
bution and 6.7-fold decreased plasma clearance rate compared to
the peptide being injected in unconjugated form [168]. Thiolated
hyaluronic acid was used for time-controlled release of proteins [302].
Zhuang et al. bound the anticancer drug 6-mercaptopurine via disulfide
bonds to a thiomer self-assembling into amphiphilic micelles in aque-
ous media. Under the reductive conditions in the cytosol of tumor
cells the drug was released in a targeted manner [72].

Soon after the introduction of thiomers, they were also adopted as
promising tool to provide a sustained release of nitric oxide (NO) as
they can be easily nitrosated and are reusable due to possible re-
nitrosation. As NO supports several functions in the body such as
blood flow regulation, inhibition of platelet adhesion and aggregation
and smooth muscle relaxation, its delivery is of high relevance to treat
deficits of intrinsic NO. Besides treatment of blood circulation disorders
and thrombosis, NO owns antimicrobial activity making it also a useful
tool for treatment of bacterial infections [303,304]. Due to the inhibition
of bacterial adhesion and proliferation, platelet adhesion and aggrega-
tion, NO releasing systems are furthermore promising for use in regen-
erative medicine preventing possible inflammatory responses [129].
Duan and Lewis were likely the first describing a catalyzed NO release
from polyurethane and polyethylene terephthalate having been
thiolated with L-cysteine [237]. Both thiomers decreased platelet adhe-
sion by more than 50% compared to the corresponding non-thiolated
polymers. Fumed silica polymer filler particles with cysteine, N-
acetylcysteine or N-acetylpenicillamine substructures showed also a
sustained NO release [305]. In another study NO release from thiolated
polyurethanes was optimized by screening sulfhydryl ligands of differ-
ent chain length for their suitability [238]. A thiolated PEG subsequently
modified with NO exerted in vivo a prolongation of blood pressure re-
duction. Due to a significantly deaccelerated NO release, there was a
1.7–fold improved effect in mice and up to 3.7-times in rats compared
to common S-nitrosothiols [306]. Enabling an increased NO storage,
dendrimers were also identified as promising NO delivery vehicles.
Thiolated NO-dendrimers were capable to store and release NO up to
2100 μmol per gram preventing platelet aggregation to a higher extent
than the corresponding small molecule NO donor [307]. Furthermore,
thiolated alginate and thiolated dextran were already successfully
adapted for controlled NO release [129,308].

4.4. Permeation enhancement

Thiolated polymers were shown to reversibly open tight junctions
(TJs). This permeation enhancing effect is shown in numerous in vitro
and in vivo experiments (Table 4). The responsible mechanism is likely
based on their interaction with thiol substructures of certain enzymes
and membrane bound proteins being responsible for TJs opening
[260,257]. Clausen et al. suggested a thiomermediated inhibition of pro-
tein tyrosine phosphatase dephosphorylating tyrosine subunits on
occludin causing TJs opening [260]. A recent study suggested an addi-
tional mechanism as illustrated in Fig. 13. By interacting with highly
expressed cysteine-rich membrane receptors like insulin-like growth
factor receptor (IGFR) and epidermal growth factor receptor (EGFR)
thiomers activate proto-oncogene tyrosine-protein kinase (Src) phos-
phorylation and further disrupt claudin-4 resulting in TJs opening
[257]. In contrast tomany other permeation enhancers, this TJs opening
through thiomerswas shown to be reversible [216]. The permeation en-
hancing properties of polymers like chitosan can be even 40-fold ım-
proved by thiolation [309]. This permeation enhancing effect is more
pronounced than that of most other permeation enhancers. Thiolated
polycarbophil, for instance, exhibits a higher permeation
enhancing effect than sodiumcaprate applied in the same concentration
representing one of the gold standards for oral permeation enhancers
[186]. Moreover, the permeation enhancing properties of S-protected
thiolated polymers are higher than that of free thiomers
[23,257,310,311]. In contrast to low molecular mass permeation en-
hancers, thiomers cannot be absorbed from mucosal membranes be-
cause of their high molecular mass. Hence, their permeation
enhancing effect remains concentrated on the absorption membrane
and systemic toxic side effects can be avoided. As the permeation en-
hancing effect of thiolated polymers is based on a completely different
mechanism than that of all other enhancers, the combination of
thiomers with other permeation enhancers should result in an additive
effect. Although it is challenging to determine the permeation enhanc-
ing effect of thiomers in vivo as various other effects such as their
mucoadhesive and enzyme inhibitory properties contribute to an im-
proved bioavailability, evidence for their potential as permeation en-
hancers on different mucosal tissues like intraoral, intestinal and nasal
mucosa could be provided in both rodent and non-rodent animal
models e.g. [14,114,186,312–315]. The oral absorption of insulin, for ex-
ample, was even 20-fold improved by the co-administration of a
thiolated chitosan instead of unmodified chitosan [14]. Results of this
study are illustrated in Fig. 14.

4.5. Efflux pump inhibition

The mucosal absorption of numerous therapeutic agents including
antiinflammatory, anticancer and antimycotic drugs is limited by efflux
pumps such as multidrug-resistance protein and P-gp [316,317]. Their
inhibition is therefore an important strategy to improve bioavailability
of these drugs. Thiolated polymers were shown to inhibit efflux
pumps in a reversible manner and this effect seems to be more pro-
nounced than that of other polymeric efflux pump inhibitors
[116,216,318,319]. Föger et al. compared different polymeric efflux
pump inhibitors using rhodamine 123 as substrate for P-gp demonstrat-
ing in rats the superior effect of the tested thiolated polymer [319]. The
underlying mechanism for this inhibition seems to be based on the



Fig. 14. Plasma concentration after oral administration of insulin/thiolated chitosan tablets

(□) and insulin/unmodified chitosan tablets (•) to rats; adopted from Millotti et al. 2014

[14].
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formation of disulfide bonds of thiomers with cysteine substructures
being located in the channel of these pumps [264]. Due to the blockage
of these channels the mucosal uptake of drugs that are substrates of ef-
flux pumps can be essentially improved [216,319,320]. By the co-
administration of thiolated xyloglucan oral bioavailability of the P-gp
substrate lopinavir was 3-fold improved [155]. The combination of
chitosan-thiobutylamidinewith glutathione enhanced the oral bioavail-
ability of rhodamine 123 4.3-fold [321,322]. Furthermore, in cancer in-
duced rats paclitaxel plasma levels were significantly improved by the
co-administration of thiolated polycarbophil accompanied by a sub-
stantial reduction in tumor growth [323]. At physiological pH conditions
alkyl thiols fail in reaching full reactivity as they possess a pka value of 8-
10. Thiol protection by coupling of thiolated pyridyl substructures, how-
ever, leads to pH independent reactivity. As a consequence, disulfide
bond formation between S-protected thiol groups and cysteine contain-
ing transmembrane domains is more efficient. Netsomboon et al. inves-
tigated the inhibitory potency of a 2-mercaptonicotinic acid S-protected
poly(acrylic acid)-cysteine derivative (PAA-Cys-2MNA) in a Caco-2 cell
model [182]. The permeation of rhodamine 123 was 2.36-fold higher in
the presence of PAA-Cys-MNA. Comparable values of apparent perme-
ability coefficient (Papp) to rhodamine 123 alone were obtained after
wash-off of the thiomer confirming the reversibility of inhibition [324].

4.6. Metal binding properties

Thiols are generally known for their metal ion binding properties.
Penicillamine and2,3-dimercapto-1-propanol, for instance, are used be-
cause of their copper(I)-binding properties for the treatment of Wilson
disease [325]. Thiolated polymers can exhibit comparatively strong and
fast metal ion binding properties. As many proteases such as chymo-
trypsin need zinc ions as co-factor, thiolated polyacrylates were
shown to inhibit this enzyme [326]. Oral administration of peptides,
proteins or nucleic acids is challenging because the enzymatic barrier
within the gastrointestinal tract needs to be faced and overcome before
the onset of the desired therapeutic effect. Most of the proteolytic en-
zymes require the presence of divalent cations as cofactors to maintain
their structural integrity as a prerequisite for enzymatic activity. Depri-
vation of calcium provokes the inhibition of the Ca2+-dependent serine
proteases trypsin andα-chymotrypsin [327] and the reduced activity of
carboxypeptidase A and cytosolic leucine aminopeptidase is directly re-
lated to the extent of Zn2+ deficiency [328]. Co-administration of
thiolated polymers proved to be a valuable strategy to improve bioavail-
ability of peptide therapeutics by lowering their presystemic
metabolism. As an example aminopeptidase N could be successfully
inhibited on intestinal and vaginal mucosa by thiolated poly(acrylates)
[329] and thiolatedpolycarbophil [330]. Reversible binding of cations by
the thiol group functionality could be verified as the underlyingmecha-
nism of inhibition. Bravo-Osuna et al. reported about positive effects on
calciumbinding capacity of thiolated poly(isobutyl cyanoacrylate) core-
shell nanoparticles [331]. The sulfhydryl group has also a high affinity
for heavy metals. Thiomers bind heavy metals such as mercury, lead,
gold and cadmium tightly. The word mercapto is derived from the
Latin mercurium captāns as thiols are known to capture mercury.
Thiolated chitosans were shown to efficiently bind heavy metals such
asHg (II), As (III) and As(V) [37] [332]. Furthermore, thiolated polymers
can efficiently improve the stability of aqueous dispersions of gold car-
riers by forming a protective shell under covalent immobilization of the
thiol moiety to the gold surface [333–337].

5. Applications of thiolated polymers

These unique properties of thiomers resulted in numerous applica-
tions and product developments in various fields. The likely most ad-
vanced and most promising developments are highlighted in the
following.

5.1. Drugs

Generally, mucoadhesive polymers show a beneficial effect in treat-
ment of disorderswhere drymucosal surfaces are involved. In particular
in case of dry mouth, dry eye and dry vagina syndrome also known as
Sjögren syndrome lubricating mucoadhesive polymers are a potent
treatment option to restore physiological conditions by substituting
the missing mucus. As a consequence, they are able to improve tear-
film break-up time, alleviate chewing difficulties and ease local irrita-
tion or itching. Because of their comparatively much higher
mucoadhesive and in situ gelling properties, thiomers aremore efficient
than the corresponding non-thiolated polymers [338]. They actually
mimic mucus glycoproteins being secreted on mucosal membranes in
reduced form anchoring thereafter within the mucus layer via disulfide
bond formation.

An Austrian company developed eye drops containing chitosan–N-
acetylcysteine called Lacrimera® [339,340]. In one of their clinical tri-
als the difference between treated and untreated eye of healthy vol-
unteers treated for five consecutive days with one drop of 0.1%, 0.2
% or 0.3% thiomer was evaluated [341]. Results of this trial revealed
a significant improvement in ocular surface disease index (OSDI) for
83% of test persons without any side effects of the thiolated polymer
[342,343] [344]. In addition, single-dose instillation of Lacrimera®
for several days improved in another clinical trial symptoms and
signs in patients suffering from dry eye syndrome, who were refrac-
tory to treatments with well-established lubricants [344]. In a long-
term clinical trial over 26 weeks in patients suffering from dry eye
the OSDI improved almost 4-fold by just once-daily use of the
thiolated chitosan. Results are illustrated in Fig. 15 [345]. Furthermore,
local tolerability of Lacrimera® was examined in healthy young volun-
teers with or without use of contact lenses [102,346]. In the most re-
cent trial the corneal residence time was detected and compared with
placebo [347]. Results show safety and efficacy of a single dose mak-
ing this treatment a promising alternative to up to now multiple
dose therapies [341]. The product even won the German Innovation
Award 2018 [348].

Thiolated polymers like thiolated poly(aspartamide) and thiolated
hyaluronan are in the pipeline for the same indication [227,349]. Clinical
trials are listed in Table 5. Thiolated carboxymethyl hyaluronic acid was
compared to a standard hyaluronic acid-containing tear supplement in
a randomized, masked clinical study in dogs affected from keratocon-
junctivitis sicca. The thiomer significantly (p=0.0003) improved ocular
surface health in comparison to alternative lubricants [349]. These



Fig. 15. Ocular surface disease index (OSDI) during treatment with chitosan-N-
acetylcysteine eye drops; adopted from Lorenz et al. [345].
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results were in the following confirmed by a clinical trial in 20 Sjögren
syndrome patients showing higher efficacy of thiolated hyaluronic
acid compared with unmodified hyaluronic in maintaining the stability
of the tear film [350].
Table 5
Overview about studies in rabbits, pigs, dogs, horses and humans.
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Because of their in situ gelling properties thiomers are also a promis-
ing tool for various surgical procedures. Partenhauser et al., for instance,
could show the advantage of S-protected thiolated silicones for long-
term vitreous replacement. Thiomers could be aspired with a 20 G
needle exhibiting a reversible sol-gel transition. The percentage of
emulsification demanding premature termination of the treatment
was in case of these thiolated silicones below 8%, whereas the corre-
sponding unmodified siliconewas already 100% emulsified [351].More-
over, a clinical trial demonstrated safety and efficacy of thiolated
hyaluronan when implanted into the ocular bulb to treat primary
open angle glaucoma [352]. Recently, Eyegate Pharmaceuticals Inc. de-
veloped a bandage gel containing thiolated carboxymethylated
hyaluronic acid supporting tissue regeneration after ocular surgery ver-
ified in a clinical trial comprising 39 patients [353]. Thiomer hydrogel
alone exhibited potential as human demineralized bonematrix indicat-
ing complete filling with regenerated native bone after injection into
5 mm defects in bone tissue [354]. Additional incorporation of bone
morphogenetic protein 2 led to an increased osteoblastic cell differenti-
ation accompanying a 1.8 fold bone formation due to a prolonged
release [355].

Another property of thiomers that has attracted attention is their use
as antioxidants and oxidizing free radicals scavengers [356]. Oxidizing
free radicals play a crucial role contributing to the onset and progression
of inflammation. In early stages free radicals lead to the expression of
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Fig. 16. Synthetic pathway for the transformation of S-protected thiomers to per-thiomers according to Prinz andHoffer [361] and hydrogen disulfide release from per-thiomersmediated
by endogenous thiols in vivo.
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cytokines. In the following they activate together with cytokines endo-
thelial cells and cause toxic effects by inducing loss of cell function. As
there is a broad acceptance of the equation oxidative stress = inflam-
mation, and glutathione is regarded as an endogenous anti-
inflammatory mediator [357], thiolated polymers should consequently
show anti-inflammatory properties. Thiomer nanoparticles, for in-
stance, were shown to downregulate TGFβ1 being induced by
interleukin-6 making the thiomer to a promising tool for treatment of
corneal haze [358]. In another study the anti-inflammatory effect of
(thiolated) chitosan nanocarriers containing theophylline against aller-
gic lung inflammation was evaluated in mice. Although neither blank
chitosan nor blank thiolated chitosan nanocarriers showed anti-
inflammatory properties, the effect of theophyllinewas significantly en-
hanced when being delivered with thiolated chitosan nanoparticles
[359].

Hydrogen sulfide is of high therapeutic relevance as cellular signal-
ing agent playing a critical role in various pathological processes. It is be-
lieved to be involved in angiogenesis, inflammation and apoptosis [360].
Although there are numerous hydrogen sulfide releasing compounds
available, they cannot provide a controlled hydrogen sulfide release.
More recently, thiomers were designed in a way that they slowly re-
lease low amounts hydrogen sulfide. Polymers with acyl-protected
perthiol substructures can be obtained by thiol/disulfide exchange reac-
tion of thiomers having been S-protected with thioamides such as
mercaptopyridine or mercaptonicotinic acid with thioacids such as
thioacetic acid or thiobenzoic acid [361]. The synthetic pathway is illus-
trated in Fig. 16. Such acyl-protected per-thiomers were shown to re-
lease hydrogen disulfide when exposed to L-cysteine in a controlled
manner [362,363]. Taking also the high bioadhesive properties of
thiomers into account not just a controlled but also a targeted release
of hydrogen sulfide at diseased tissue seems feasible.

5.2. Drug delivery systems

Because of their mucoadhesive properties thiolated polymers can
prolong the mucosal residence time of various types of drug delivery
systems. Consequently, the local therapeutic effect of APIs is prolonged
and for a systemic drug delivery more time for drug absorption from
mucosal membranes is available. Moreover, their drug release control-
ling, in situ gelling, permeation enhancing, efflux pump inhibiting and
enzyme inhibiting features make them to a versatile and powerful tool
for drug delivery. This great versatility and flexibility of thiomers
allowing the most suitable design for each drug and delivery purpose,
however, is from the industrial point of view disadvantageous. Because
of the high investments for the development of new excipients and the
long timeneeded for the development process being in the range of that
for new drugs, much less new excipients than new drugs are getting
registered each year. In order to justify these costly and time-
consuming developments, new excipients have consequently to show
a very broad applicability for numerous drugs. The identification of cer-
tain thiomers, that can address an as broad as feasible range of industrial
drug deliveryproblems,will therefore be key to their success in drugde-
livery. As the benefits of thiomers for drug delivery have been shown in
hundreds of research articles as summarized in numerous reviews e.g.
[25,103,105,106,364–366], we focus herein just on results of clinical tri-
als providing insights in their overall performance.

Samprasit et al. developed mucoadhesive electrospun nanofibre
mats containing an antimicrobial API using chitosan and thiolated chito-
san as mucoadhesive polysaccharide. The therapeutic effect and
mucoadhesion were determined in healthy human volunteers.
Thiolated chitosan formulations showed higher mucoadhesive proper-
ties than those containing the corresponding unmodified polymer.
Results demonstrated that thiolated chitosan mats have the potential
to be mucoadhesive dosage forms to maintain oral hygiene through re-
duction of bacterial growth causing caries [367]. Furthermore, clinical
studies on 20 subjects using thiolated alginate as mucoadhesive film
to deliver metformin for periodontal diseases were performed. Films
composed of 6% carboxymethyl cellulose and 4% thiolated alginate
demonstrated strong mucoadhesion, notable swelling and sufficient
drug release over 12 h resulting in a nonsurgical treatment of chronic
periodontitis [368,369]. The study provides strong evidence for the po-
tential of thiomers as superior vehicles for mucosal drug delivery.

Moreover, clinical studies in healthy volunteers investigated the ef-
fect of thiolated polyacrylic acid on ocular residence time of a model
API. Results demonstrated that a constantly high drug concentration
in the tear fluid can be maintained with the thiomer for numerous
hours, whereas the drug was eliminated during the first hour when
the corresponding un-thiolated polymer was used. Tmax was 384 min
for the thiolated polyacrylate formulation, whereas it was 20 min for
the unmodified polyacrylate formulation. The thiolated polyacrylate
was well-tolerated on the ocular surface [279]. The study provides
strong evidence for the high mucoadhesive and cohesive features of
thiolated polymers and the ability to control drug release out of such
systems over numerous hours.

5.3. Diagnostics

Gold nanoparticles are used for biomedical applications in
disease diagnostics. Unique optical and physical properties such
as non-cytotoxicity, biocompatibility, ease of preparation, surface
functionalization, strong light absorption, scattering effect, high
photothermal conversion rate and photostability [370] enable
bioimaging [371] such as ultrasonic, photoacoustic, computed tomogra-
phy and thermal imaging as well as selective targeting [372–375]. One
major weakness of gold nanoparticles, however, is their tendency to ag-
gregate in aqueous dispersions, especially in the presence of high salt
concentrations or in contact with endogenous proteins. The likely
most efficientway to overcome this problem is the coating of gold nano-
particleswith thiolated polymers. Already a few years after their discov-
ery first polymers exhibiting at least one thiol group came therefore into
use as coating material for gold nanoparticles [376]. The thiomer gold
coating offers also the possibility of conjugating targeting ligands to
other functional groups on the polymer. Chattaway et al. generated a
dual- functionalized surface by coupling a thiolactone-based copolymer
consisting of N,N-dimethylacrylamide and thiolactone acrylamide via
aminolysis in the presence of an amine derivative to gold [377].
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Selective staining of pancreatic tumor stromawas attained bybinding of
antibody-conjugated PEGylated nanoparticles [378]. Paciotti et al. ex-
amined PEGylated gold nanoparticles for the targeted delivery of
tumor necrosis factor (TNF) to a solid tumor in mice. Thiol-derivatized
PEG and recombinant human TNFwere immobilized on the gold surface
through disulfide bonds to obtain PEGylated-gold-TNF nanoparticles.
Upon intravenous administration, TNF anchored the nanoparticles
mainly in colon carcinoma tumors while binding to its receptor [379].

Apart from gold nanoparticles iron oxide-gold core-shell nanoparti-
cles were successfully coated with thiolated alginate [380] and with
thiolated polyethyleneimine [226], exhibiting excellent colloidal stabil-
ity and comparatively high cytocompatibility. Furthermore, aqueous
dispersions of core-shell nanoparticles comprising of a magnetic iron
oxide core coated with gold were stabilized by thiolated pectin provid-
ing storage stability for several weeks [381]. Due to co-existence of iron
oxide and gold these nanoparticles can be used for magnetic resonance
and computed tomography imaging of tumors.

Moreover, iron oxide nanoparticles were also directly coated with
thiomers such as thiolated polyacrylic acid and thiolated chitosanwith-
out a gold layer in between. For both types of particles the relaxivity
ratio was at least 2-fold higher than that of the likely best performing
commercial product Resovist®. In addition, cellular internalization
was strongly improved along with lowered cytotoxicity. Because of
these properties thiomer-coated iron oxide nanoparticles seem to be a
promising tool for cell tracking [382–384].

Another interesting application of thiomers is in the field of biosen-
sors. Soto et al., for instance, developed biocompatible biosensors using
a thiomer linked NO coating material for glucose detection [385]. After
implantation into Yorkshire-type piglets sensitivity of glucose sensors
in both, short and long-time examinations, was improved showing a
higher analytical performance with a detection limit of 1-21 mM glu-
cose [386]. In another study a thiolated chitosanwas designed as highly
sensitive and selective sensor for Hg2+ exhibiting a detection limit of
just 0.5 ppb [37].

5.4. Regenerative medicine

5.4.1. Tissue engineering
Apart from proteins such as collagen and gelatin that can be consid-

ered as ‘natural thiolated polymers’, thiomers have been introduced
as new type of scaffolds for tissue engineering at the 4th Central
European Symposium on Pharmaceutical Technology in Vienna in
2001 [398,399]. Since then they inspired scientists to develop more ef-
ficient biocompatible three-dimensional hydrogel matrices playing a
key role as scaffolds for tissue engineering applications [400].

To facilitate, support or accelerate production of extracellular ma-
trix (ECM) thiolated polymers are used as artificial ECM. Most
established thiomer hydrogels consist of thiolated hyaluronan [401],
thiolated gelatin [275], thiolated heparin [134], thiolated collagen
[208] and thiolated chitosan [402] [403]. The type of thiomer and de-
gree of functionalization strongly affects the properties of the hydrogel
such as swelling and degradation behavior as explained in detail in
chapter 2. Moreover, the versatility of porosity, mesh size, surface
area and density adjusted by the degree of crosslinking affect cell im-
migration [403,404]. In addition, the type of crosslinking reaction af-
fects strength and linking time of hydrogels as well [405]. Thiomer
hydrogels facilitate ECM production with widespread glycosaminogly-
can matrix deposition equal to cell-mediated degradation of biosyn-
thetic scaffolds [406,407].

Furthermore, drug release controlling properties of thiomers have
been discovered for tissue engineering. Vogt et al., for instance, devel-
oped a light triggered NO releasing nanofibrous matrix using thiolated
gelatin. As NO release was accurately controlled showing antimicrobial
activity against S. aureus, this thiomer may be beneficial to replace con-
ventional gelatin in tissue engineering [408]. Grim et al. established a
thiomer ECM possessing capability of repeatable signal protein delivery
releasing proteins on demand. Repeatability is achieved by the photoin-
duced release of protein recovering the radical functionality and gaining
thereby possibility to ‘click’ other proteins [409].

Another advantage of thiomers in tissue engineering is the possibil-
ity to print scaffolds with them [209]. Bioprintable scaffolds with suffi-
cient cell viability and proliferation were implemented by thiomer
coated porous dextran beads and gold particles establishing the option
to remove the artificial scaffold by dissolution with N-acetyl-L-cysteine
[410–412]. Crosslinking with a 4-arm tetra acrylate led to higher stiff-
ness of gel improving printabilitywithout diminish cell growth and pro-
liferation [96]. Further improvements made up to 20 layers of printed
3D network possible with capability to encapsulate viable stem cells
[413]. Recently, a printable scaffold was generated without taking
toxic risks of photoinitiators and additionally possessing target specific
functionalization of hydrogels by copper-catalyzed azide-alkyne cyclo-
addition chemistry after printing [414].
5.4.2. Tissue regeneration
The great and versatile potential of thiolated polymers in the field of

tissue regeneration has been demonstrated in numerous studies.
Within this review we highlight just a view of them providing an over-
view about the benefits and different research directions having arisen
within recent years.

In particular in the field of anatomic tissue regeneration thiomers
seem to be advantageous over other polymers. Autologous bone
marrow-derived mesenchymal stromal cells, for instance, were encap-
sulated in a scaffold of thiolated hyaluronan and thiolated gelatin. Im-
plantation in rabbits with defects in the patellar groove of femoral
articular cartilage facilitated osteogenesis and chondrogenesis leading
to repair of cartilage and trabecular bone within three months [415].
This great potential of thiolated hyaluronan and thiolated gelatin for
the encapsulation of mesenchymal stromal cells was also shown in nu-
merous other studies e.g. [416,417]. Furthermore, human osteoarthritic
chondrocyteswere encapsulated in a thiolated hyaluronic acid hydrogel
showing already after two weeks increased production of cartilage-
specific components such as collagen and sulfated glycosaminoglycans
[391,418]. Thiomer ECMs were also shown to repair body organs. For
trachea regeneration, for instance, human tracheal scar fibroblasts
were successfully encapsulated in a thiolated hyaluronan retaining
their phenotype and exhibiting secretion of ECM in vivo [419]. In addi-
tion, thiomers have already shownpotential to treat neural diseases. En-
capsulation of chick dorsal root ganglia resulted in N 50% increase in
neurite length of cultures in comparison with fibrin hydrogel [420].
Even in treatment of stroke thiomers seem to be advantageous. Espe-
cially for administration into the stroke area, hydrogels based on
thiolated hyaluronic acid create a favorable environment for reasons
such as the same viscoelastic properties as the brain or inhibition of
scar formation and of immunological responses [421,422]. Moreover,
thiolated polymers have also shown potential for myocardial tissue re-
generation. Intramyocardial injection of human cardiosphere-derived
cells (CDCs) embedded in a crosslinked hyaluronan matrix evoked an
amplification in left ventricular ejection fraction as well as cardiovascu-
lar differentiation of encapsulated CDCs after creating myocardial in-
farction in mice [423].

Another research direction is focusing on the use of thiomers in can-
cer treatment. As the number of cancer diseases is increasing, the dis-
covery of novel more potent therapies is urgently needed. Thiomer
hydrogels containing appropriate cells might be a promising strategy.
Scaffolds containing thiomers successfully encapsulated stem cells
with respect to spreading, migration and proliferation in vivo
[424–426]. Encapsulated stem cells offered possibility in cancer treat-
ment by creation of a secondary tumor causing an endogenous immune
response. Subcutaneously implantation in nude mice distant from pri-
mary tumor indicated a potent antitumor response and tumor
regression [427].
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5.5. Cosmetics

5.5.1. Antiperspirants
Both for treatment of hyperhidrosis and for antiperspirants alu-

minium salts such as AlCl3 play a central role [428]. Aluminium salts,
however, are getting increasingly under suspect to provoke diseases
such as Alzheimer disease or cancer [429,430]. Meanwhile, consumers
prefer therefore aluminium-free products. Accordingly, the develop-
ment of aluminium-free antiperspirants is of great commercial inter-
est. A promising alternative to aluminium salts are thiomers, as they
crosslink with the mucus of sweat glands via disulfide bond formation
instead of just ionically crosslinking as aluminium does leading to a
mechanical obstruction of the ducts [431]. For this purpose thiolated
polyacrylates and thiolated polyethyleneimines were already tested
[26]. Full potential of thiomers as antiperspirants, however, has so
far not been reached. Thiomers can be oxidized on the skin before
they reach their target in the sweat glands. Furthermore, if they are
too big in size, they likely do not get access to deeper regions of the
ducts. As meanwhile on the one hand S-protected thiomers have
been developed being stable towards oxidation interacting compara-
tively more efficiently with mucus [24,105], and on the other hand
comparatively small thiomers such as star shaped thiolated PEGs
[34] or thiolated cyclodextrins [178] are available, the potential for
further improvements is obvious. In particular thiolated cyclodextrins
would offer the additional advantage of binding malodours causing
molecules [432]. Furthermore, antimicrobials could be incorporated
in thiolated cyclodextrins [433].

5.5.2. Hair treatments
The replacement of lost keratin seems to be a promising strategy in

order to restore damaged hair structure. As native keratin is highly
crosslinked via numerous disulfide bonds exhibiting just a few free
thiol moieties, it can bind only to a minor extent to hair. Recently, how-
ever, keratin derivatives displaying highly reactive S-protected
mercapto substructures were generated. These derivatives showed a
strongly enhanced permanent binding to hair fibres (Fig. 10). Raising
the content of free thiols in keratin and transforming these thiol sub-
structures in disulfides with mercaptonicotinic acid seems therefore to
be a promising concept for a durable binding of keratin to hair [210].
Furthermore, dimethicone/mercapto propyl methicone copolymers as
illustrated in Fig. 6 were shown to remain associated with the hair cuti-
cle up to 100%even after 40 shampoo/comb/blowdry cycles. This strong
binding of such thiomers to hair are in particular useful to extend the
colour retention of colour-treated hair [77].

6. Conclusion

Evolution has produced thiol groups as the most important bridging
structure because of the easy interconversion between thiols and
disulfides and as essential functional group facilitating numerous phys-
iological processes. Endogenous peptides and proteins would tremen-
dously lose functionality without cysteine - the likely most intriguing
and diverse amino acid of all twenty - and life might simply not exist
at all without it. Transferring this crucial biological role of thiols to syn-
thetic polymers opens up huge possibilities. The great potential of
thiolation of synthetic polymers might be described in the best way
by the simple imagination of protein chemistry with and without
cysteine. Although the progress and achievements made since we
have entered this new era of polymer chemistry twenty years ago are
impressive, we have just taken a few steps on a long, long way to go.
These few steps include overall knowledge gained in the field of drug
delivery and regenerative medicine and can be summarized as follow-
ing. Due to the covalent attachment of thiol groups to numerous natural
and synthetic polymers high adhesive properties through disulfide
bond formation in particular to cysteine-rich proteins such as mucus
glycoproteins, keratins and certain cell membrane-associated proteins
are provided (I), high in situ gelling properties are gained through disul-
fide crosslinking within the thiolated polymer per se (II), and by
interacting with thiol substructures of endogenous functional proteins,
effects such as enzyme inhibition, permeation enhancement or efflux
pump inhibition can be achieved (III). These unique properties make
thiomers to a versatile tool for new drugs, drug delivery systems, diag-
nostics, regenerative medicine, cosmetics and even textiles.

The greatest challenges in front of us are certainly the deepening and
improvement of our knowledge about physiological processes in that
thiols are involved and the design of thiomers participating in such
physiological processes in a way that highly beneficial therapeutic ef-
fects can be achieved. The enormous potential of this strategy has al-
ready been shown by various developments where thiomers were
employed to mimic natural mechanisms and to interact with biomate-
rials via disulfide bond formation. However, the authors are convinced
that these so far established systems are just the tip of the iceberg be-
cause endogenous thiols are involved in almost all physiological pro-
cesses providing a sheer inexhaustible source for sound further
applications. The door is open and will reward in particular all those
that are experts on the interphase between life sciences and polymer
chemistry beingwilling to enter and to break new ground in this boom-
ing field.
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